Abslract-High-current, low-voltage power converters with fast transient response are needed for powering digital systems such as microprocessors. Microfabricated coupled inductors for such power converters are discussed. A four-phase microfabricated magnetic structure with 14 nH of inductance per phase bas been fabricated for a 5 MHz, 5 V-to-1 V, 10 A dc-dc converter. The first prototype devices have been built with nickel-iron (NiFe) cores and copper conductors on a silicon substrate. Smallsignal measurements on the inductors have been performed and predictions have been confirmed. A model for analyzing the performance of coupled inductors is presented. The devices have been implemented in a prototype converter and the measured performance is compared with the predicted results.
I. INTRODUCTION
High-current, low-voltage power converters with fast transient response are needed for powering digital systems such as microprocessors which are projected to require 100 A or more at under I V [I] . The challenge in this application is that the load current can step from near zero to full load or vice versa in a matter of nanoseconds, and the voltage must he held stable throughout the step, with a projected tolerance of less than 50 mV [I] . The combination of high current and fast response requires a voltage regulator module (VRM) located immediately adjacent to the load. The VRM must he small in size, have high efficiency and extremely fast response. Microfabricated inductors [2]-[8] are attractive solutions towards addressing these requirements as they provide a means of integrating and miniaturizing the inductor.
In a buck converter with a load-current step, the output capacitor supplies (or sinks) the immediate difference in current while the inductor current is ramped up or down to match the new load current. A small inductor allows ramping the current quickly to minimize the output capacitor requirement but that approach can lead to large ripple currents and thus high losses. One strategy is to use high frequency to reduce this ripple, but the high frequency leads to high switching and gate-drive losses.
Using coupled inductors can help the designer bypass these tradeoffs. In [I 21, [ 131 it was shown that coupling the inductors in a two-phase interleaved converter can reduce ripple currents. A topology using three gapped legs was introduced. Based on that work, [14] , [15] , [I61 show a different gapping configuration for two-phase converters which leads to higher ripple reduction. Additionally, a topology that allows practical operation with strong coupling and with more than two phases was introduced. The result was significant performance improvements; the ripple current in the inductors and the Based on the above mentioned work we have designed, fabricated and implemented a microfabricated coupled inductor integrated with a 5 MHz, 5 V-to-l V converter designed for a maximum load current of 10 A. The microfabricated coupled inductors offer the benefit of having small inductors capable of operating at high frequencies and also enhancing performance by coupling. These are the first such structures to be integrated onto a silicon substrate thus providing scope for implementation with on-chip integrated power converters for microprocessors.
PRINCIPLE OF OPERATION
For the purpose of explaining the basic principle of coupled inductors, we discuss only a two-phase system in this section. The basic topology of a two-phased coupled inductor is shown in Fig. I . The two phase inductors LI and LZ are coupled together and the mutual inductance M represents the coupling effect between the two inductors. The dots, placed as shown in The voltages applied across the two corresponding windings are related to the currents by [IZ] :
One can see that the current slope of one inductor is affected by the voltage across the other inductor; as shown in [121, [13] , [14] , [MI, [16] , the result is reduced ripple current. Assuming 0-7803-8399-0/04/$20.00 02004 IEEE.the self-inductances of both phases, L1 and Lz, are equal to a value L, we can define the coupling factor as follows:
h.1
If we wish to analyze the effect of coupling factor (on ripple, it is important to first consider which other parameter(s) will be held fixed. In Fig. 2 . In 1141, the equivalent magnetic circuit shown in Fig. 2 is developed to analyze the behavior of the ladder core structure. In the magnetic circuit, 2, is the leakage reluctance, &b is the sum of the reluctances of top and bottom outer legs across any one window. and 2, is the reluctance of the rung of the ladder, which is also the post around which the wire is wound. Each MMF source corresponds to a winding, with a value Ni equal to the product of the current i and number of turns N in the corresponding winding [14]. The magnetic flux waveforms and current waveforms are calculated using the model derived above. Both waveforms have dc components and ac components which are calculated separately.
The dc components are calculated by assuming that the dc currents in each phase are equal [14]. This is necessary for proper operation, and may be achieved by the same active or passive methods that are used for uncoupled multi-phase converters. Thus, with total current in the load Itotnl and n phases, the dc component of current in each phase is nickel, 55% iron) is electroplated using a pulse reverse plating technique. The electroplating is done using a li/Cu seed layer on a mould formed by a patterned photoresist (AZ 9260). After pIating, the photoresist and seed layer are stripped. To insulate the magnetic layer from the copper windings, a layer of SU8 epoxy type photoresist is spun on and patterned. The copper windings are then electroplated, again using a TdCu seed layer. The mould for electroplating is formed using the A 2 9260 photoresist. The thickness of the electroplated copper is 60 pm. The windings are then covered by a layer of SU8, to isolate them from the top magnetic layer. The top magnetic layer is electroplated in a manner similar to the first layer of magnetic material. However in order to form the mould for the top, a layer of an electrophoretic resist is used. The electrophoretic resist allows the mould to he formed evenly on the vertical sidewalls and hence no vias are required to connect the top magnetic layer to the bottom. The material specifications for the devices are listed in Table I . Our first prototypes have one layer of NiFe cores; we are presently processing another hatch of devices with two layers of NiFe cores.
v. DESIGN OF COUPLED INDUCTOR GEOMETRY
The design goal was to build a 5 MHz, 5V-to-1 V multiphase, 10 A, dc-dc converter with a per-phase inductance of 14 nH. For a fixed output voltage of 1 V, we calculate that a per-phase dc current of 2.5 A will maintain the maximum loss due to dc resistance at 5% of output power. The dimensions of the device that were calculated to satisfy the inductance requirement and power loss specification are shown in Fig. 5 and Fig 7. For each phase in the coupled structure, with number of turns (N) equal to one, two layers of core each having a thickness t of 5 pm, saturation flux density of B,,, of 1.5 T, the length 1 was calculated to be 15.4 mm to maintain flux swings within the saturation limits of the core. For ease of fabrication, we decided to have only one turn for each winding for our preliminary designs.
VI. SMALL-SIGNAL TESTS
The first prototypes have been fabricated with only one layer of magnetic core. The results we report in this paper are all for devices with a single layer of core. Small-signal measurements have been performed on the first protolypes. We physically shorted the windings of the two phases shown in Fig. 7 and performed small-signal measurements across them using a four wire measurement with an impedance analyzer (Agilent 4192A). This test measures the inductance of due leakage flux in the air gap that exists between the windings and that due to energy stored in a skin depth along the inside edges of the windings (the edges in the center of' Fig. 7) .
We predict 14 nH per phase at 5 MHz; Fig. 8 confirms our predictions within 2 nH of our prediction at 5 MHz.
We performed a second test on another device iabricated using the same process run as that used in the first test. The two ends of each of the phase windings were probed, while maintaining the other phases open, to observe the symmetry in the structure. Finite element analysis was used to accurately capture the electromagnetic configuration of this setup to predict an inductance of 45 nH at 5 MHz for three phases. The measurements for each of these phases (curves A-C in Fig. 8 ) correlate closely to the simulated result. The fourth phase has copper looping through cores that are no1 adjacent to each other (the outermost conductors in Fig. 6 ) and hence was expected to have larger measured inductances than the other three phases. This can be seen in the measured result (curve D in Fig. 8 ). These results confirm that the phases exhibit very similar characteristics.
The ac resistance of the device was also measured at 5 MHz.
We performed this measurement after integrating the device with the prototype board which is shown in Fig. I O in order to include the ac resistance of each phase of the device, the associated bond wires used for connecting the device to the board, the interconnect on the board and that of the 14 pF chip capacitors soldered between the output terminals of the inductor and the ground plane. The terminals of each phase were probed while maintaining an open circuit in the other terminals. Fig. 9 shows the measured ac resistance of two phases of the device. A maximum measured resistance of 370 mR (Roc) per phase was observed at 5 MHz. This value represents the per-phase ac loss component of the output section of the circuit board at 5 MHz. The dc resistance @de) of this configuration was measured to be 40 mi2 per phase.
VII. 5 MHZ DC-DC CONVERTER
The microfabricated coupled inductors were integrated with a prototype 5V-1 V, 10 A DC-DC converter designed to operate at 5 MHz. The prototype board consisted of printed circuit board with four copper layers each 70 pm thick separated by 200 pm, Four commercial PWM ICs and a silicon die consisting of four coupled inductors were assembled on the board. Each phase of the converter was operated at 5 MHz and was designed to carry a peak current of 2.5 A. R,, from small-signd meaurements performed on the microfabrishows a photograph of the prototype circuit board that was used for the experimental results. The bond wires connecting the inductors to the board add a stray inductance of 6 nH (estimated by finite element analysis). The specifications of the converter are listed in Table 11 .
VIII. ELECTRICAL MEASUREMENTS
Experiments on the 4 phase dc-dc converter were performed to convert 5 V dc at the input to 1 V dc at the output. Each phase was activated by a 5 MHz PWM signal with 20% duty cycle. The four 40 ns pulses corresponding to the on times of each phase were spaced apart from each other by 10 ns (Fig. 4 ). An external load consisting of a bank of resistors was used to vary the output current. The output voltage was maintained at 1 V by adjusting the duty cycle. All duty cycles were varied simultaneously to ensure that the voltage at the output terminals of each inductor was at 1 V. We performed experiments with a separate power supply for the gate-drive circuitry and did not include the associated loss in efficiency calculations, since it was optimized for a lower frequency of operation than 5 MHz. The results of our initial experiments are shown in Fig. 1 I . Our initial experiments are limited to a maximum dc output current of 4 A. The 120 pm-diameter aluminum bond wires used to connect to the inductors to the board may not handle currents as high as IO A. We intend to make more measurements (discussed below) at the existing current limit before operating the converter at higher currents.
Measured results are plotted in Fig. I It is difficult to measure phase current without adding any stray inductance and changing the current waveforms. We plan Fig. I ). Our initial tests had a 5 mR sense resistor in each of the phases. The power loss across these resistors was small compared to that of the inductors. However, the switching noise at the V, node (Fig. I) was too high to allow an accurate voltage measurement across such small values. To improve the signal-to-noise ratio, we plan to use 500 mR resistors temporarily soldered in just for the ripple current measurement.
1x. PREDICTED PERFORMANCE
The model described in Fig. 3 was used to predict the performance of the converter at various load currents. The conductor dc losses are calculated from the dc resistance.
The conductor ac loss at each frequency is calculated using a Fourier series representation of the current waveform. We used a discrete Fourier transform function to extract the harmonic components of the inductor ripple current shown in Fig. 4 . The ac resistance of the conductors was calculated in a skin depth of copper at each frequency. The core eddy-current loss was also calculated as a Fourier series representation of the ac flux waveform shown in Fig. 4 using techniques described in [18] , [19] . Hysteresis loss was estimated from coercivity and ac flux amplitude. Hysteresis loss is insensitive to frequency and is non-linear and hence cannot be computed by Fourier analysis. The predicted results include the dc resistance and ac resistances of the aluminum bond-wire interconnects (19 mR and 30 mC2 at 5 MHz respectively) and a net leakage inductance of 20 nH which includes parasitic inductance due to the bond wires. Predicted results are shown in Fig. 1 I. The theoretical predictions and the measured results match within a maximum difference of 25%. The model described in Fig 3 is an accurate model for a similar coupled inductor topology described in [14] . This model was considered to be an approximation of the electromagnetic configuration in the microfabricated coupled inductors. We attribute discrepancies in efficiency to the lack of a refined model for these preliminary devices. Other possible causes could be the losses in the parasitics in the board and conduction losses in gate-drive circuitry. The performance analysis does not include the gatedrive power.
The measurement of current waveforms to observe ripple reduction has not been performed. In order to demonstrate that performance enhancement is achieved due to magnetic material in the coupled inductor structure, we simulated the performance of a device with the exact same cross-section as shown in Fig. 6 using finite element analysis, except that the cores were removed. The per-phase inductance of the structure was determined to be 6 nH. The inductance due to the bond wires is 6 nH. With a total inductance of approximately 12 nH per phase a 5 V-l V, 5 MHz converter would have a peak-topeak inductor ripple current of nearly 14 A in each phase. Fig. 4 shows a per-phase peak-to-peak ripple of nearly 5 A -about three times smaller than what would flow through the inductor compared to the same structure with no core. Should the core have had no contribution towards coupling we would have measured drastically lower efficiencies. The moderate measured efficiencies indicate otherwise. This is a rough indication that the magnetic material has an important role in determining the performance of the device.
The low measured efficiencies are not surprising. These devices were based on several design constraints mostly related to fabrication. For example, the copper conductors were limited to a height of 60 p m by a process constraint. With respect to the electrical performance, taller conductors could improve efficiency by reducing conductor ac and dc losses. Also, our first prototypes had only one layer of core and not two as originally planned. Please note that our predictions are based on one core. Adding another layer could enhance coupling factor, thus causing greater ripple current cancellation and could also reduce the ac flux density in the core. The above considerations also present the trade-off between improving conductor losses at the expense of worsening magnetic losses by adding more magnetic material. A thorough design optimization such as that performed in [ 141 would be required to investigate such trade-offs. Such an optimization has not been performed. We plan to perform such an optimization and then fabricate another batch of inductors with better performance. 
